ABSTRACT 14C-Sugar uptake and incorporation into starch by slices of developing maize (Zea mays L.) endosperm were examined and compared with sugar uptake by maize endosperm-derived suspension cultures. Rates of sucrose, fructose, and D-and L-glucose uptake by slices were similar, whereas uptake rates for these sugars differed greatly in suspension cultures. Concentration dependence of sucrose, fructose, and D-glucose uptake was biphasic (consisting of linear plus saturable components) with suspension cultures but linear with slices. These and other differences suggest that endosperm slices are freely permeable to sugars. After diffusion into the slices, sugars were metabolized and incorporated into starch. Starch synthesis, but not sugar accumulation, was greatly reduced by 2.5 millimolar p-chloromercuribenzenesulfonic acid and 0.1 millimolar carbonyl cyanide m-chlorophenylhydrazone. Starch synthesis was dependent on kernel age and incubation temperature, but not on extemal pH (5 through 8). Competing sugars generally did not affect the distribution of 14C among the soluble sugars extracted from endosperm slices incubated in 14C-sugars. Competing hexoses reduced the incorporation of 14C into starch, but competing sucrose did not, suggesting that sucrose is not a necessary intermediate in starch biosynthesis. The bidirectional permeability of endosperm slices to sugars makes the characterization of sugar transport into endosperm slices impossible, however the model system is useful for experiments dealing with starch biosynthesis which occurs in the metabolically active tissue. from kernels after peeling away the pericarp. In this study, sugar uptake and metabolism in developing maize endosperm tissue slices was examined and compared with endospermderived suspension cultures, which have been studied previously (3). This comparison was made, in part, to address the intactness of the tissue slices and thus their suitability for sugar transport studies. We also examined the effect ofvarious incubation treatments on the incorporation of exogenous sugars into starch in endosperm tissue slices.
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MATERIALS AND METHODS Plant Material
Maize (Zea mays L.) hybrids A6 19 x W64A, Pioneer 3780, or DeKalb XL 55 were grown in greenhouses at Pennsylvania State University, State College, PA, and the USDA/ARS Northern Regional Research Center, Peoria, IL. Plants were grown in 12-L pots in Redi-earth Peat-lite soilless medium (Grace') supplemented with Osmocote 14-14-14 and Micromax micronutrients (Sierra). Plants received supplemental lighting for 16 h/d from sodium vapor and metal halide lamps, and were hand pollinated. Kernels were harvested 16 to 18 days after pollination unless otherwise indicated.
Endosperm suspension cultures derived from inbred A636 were used after at least 2 years of continuous culture. Culture conditions were described previously (3) .
Slices of storage tissue have been used to study the mechanism of sugar transport in a variety of sink tissues, such as potato tuber (18) , sugar beet taproot (13) , carrot root (1), maize stem (14) , and sugarcane stem (7) . While the ability of sliced sink tissue to withstand the physical, biochemical, or osmotic stresses imposed by the experimental procedures may vary, it is generally accepted that these experiments provide information about absorption of sugars from the apoplast in vivo. This type of system also allows the incorporation of labeled precursors or chemical effectors into storage cells to examine the biochemistry of sink metabolism.
Although short-term experiments with excised maize kernels (8) showed passive sugar movement into the endosperm, that system has not been shown to be well suited for experiments aimed at examining starch biosynthesis specifically. The possibility of using endosperm slices was examined because of the convenience with which they can be obtained
4C-Sugar Incorporation Experiments
After removing the pericarp and embryo, slices 1 mm thick (three slices per endosperm) were cut with a razor blade from the middle portion of the endosperm and placed in 10 mM Mes buffer (pH 6.5) containing 40 (Table II) was performed using the HPLC method described previously (4) . '4C-Sugars were purchased from New England Nuclear or Amersham. Procedures for sugar uptake experiments with suspension cultures were described previously (3). (Fig. 1B) . In contrast, '4C leached from endosperm tissue slices for at least 30 min, and over 85% ofthe '4C taken up was rinsed out after 1 h (Fig. 1 B) . These results suggest that endosperm slices are bidirectionally leaky to sugars. Saturation of sugar uptake into endosperm slices with time may indicate the approach of equilibrium between the external and internal sugar concentrations. Metabolism of absorbed [14C]fructose into other metabolites subject to diffusion out of the slices might also contribute to the decline in the observed '4C uptake rate with time.
The concentration dependence of sugar uptake into endosperm slices was linear (Fig. 2) . Uptake rates of D-glucose, Lglucose, and fructose were similar, with slightly lower rates for sucrose. L-Glucose, which is not present in the tissue and is nonmetabolic, had the steepest slope. The similarity of uptake rates among hexoses observed with endosperm slices, especially D-and L-glucose, further suggest that diffusion of sugars rather than selective transport was occurring. In marked contrast to these results, endosperm suspension cultures showed biphasic (linear plus saturable components) 3A) , possibly a result of depletion of internal sugar pools. In contrast, preincubation of endosperm tissue slices resulted in decreased rates of fructose uptake showing characteristic linear concentration dependence (Fig. 3B ). This result is consistent with increasing permeability or degeneration of the cells with preincubation time, and does not support the possibility of membrane repair.
Glucose inhibited fructose uptake by endosperm suspension cultures (Fig. 4A) . This inhibition was determined to be noncompetitive, and other experiments indicated that a decrease in metabolic demand for fructose by the concurrently absorbed glucose was the probable mechanism for this inhibition (3). In contrast, ['4C]fructose uptake by endosperm tissue slices was not affected by glucose in the incubation medium (Fig. 4B) . The insensitivity of the endosperm slice tissue to the effect ofglucose that was evident with suspension cultures is further evidence that diffusion of sugars accounted for the observed uptake.
Calcium After incubating endosperm slices in 300 mm sugars for 1 h, the rinse buffer was analyzed for 14C distribution among soluble sugars. From 3 to 5% of the "'C-sugars in the leachate were found to be sugars other than the "'C-sugar fed (Table  II) . The detection of significant amounts of metabolized sugars in the leachate despite the abundant "'C in the form of the fed sugar suggests leakage of sugars from the cytoplasm. The metabolism of sugars also suggests that cytoplasmic uptake, rather than vacuolar uptake, was being observed. A similar experiment with endosperm suspension cultures was not possible due to the large activity of cell wall invertase in the cultures (3 In most cases, potentially competing sugars did not affect the distribution of '4C among the soluble sugars extracted from endosperm tissue slices incubated in "'C-sugars (Table   III ). An exception was that when [ also be expected to reduce the accumulation of 14C in starch, which was observed (Table III) . All three competing hexose treatments reduced the recovery of 14C in starch, with fructose having more effect than glucose. Glucose and fructose inhibit sucrose synthase in vitro (5), and both hexoses probably reduced the incorporation of "'C into starch by inhibiting UDPG production by their effects on sucrose synthase. Fructose was a more effective inhibitor of "'C-starch accumulation than glucose because of the dilution effect noted above. These results support the idea that sucrose synthase is important in producing substrates for starch synthesis. However, competing sucrose had little or no effect on incorporation of hexoses into starch (Table III) . Thus, it is unlikely that sucrose is a necessary intermediate in starch biosynthesis. Incorporation of ["'C]glucose into starch on a fresh weight basis declined from 14 to 20 d after pollination (Fig. 7A ). Kernels were generally used 16 to 18 d after pollination because 14-d-old kernels often yielded very soft slices which broke apart during incubation. Incorporation of '4C from both glucose and sucrose into starch was temperature dependent with an optimum of 30 to 35°C (Fig. 7B ). There was no significant effect of external pH (5-8) on '4C-sugar uptake or incorporation into starch (data not shown).
The permeability of the endosperm slices to sugars is consistent with the findings of Parr and Edelman (10), who examined sugar transport in carrot callus cells. They concluded that the cytoplasm (metabolic compartment) was essentially part of the apparent free space, and suggested that prior observations of active uptake into various tissues represented uptake into intracellular compartments such as vacuoles. It is possible that our lack of observation ofany saturable component of sugar uptake by endosperm slices reflects a very minor role of vacuoles as a site for intracellular sugar storage in endosperm cells, at least from the portion of the endosperm and at the developmental age we examined.
Aspects of sugar transport in scutellum slices from germinating maize seeds has been a subject of inquiry for many years (9, and references therein). Scutellum slices are not directly comparable with endosperm slices because of differences in tissue structure and complexity. For example, scutel- Slices were incubated 8 h in the solutions indicated under "Treatment", rinsed as described in the "Materials and Methods", and homogenized in 80% ethanol. Sugars were extracted, concentrated, and separated by paper chromatography (15, 16) and starch solubilized with amyloglucosidase as described previously (2) 
